Homologous recombination between dispersed repeated sequences is important in shaping eukaryotic genome structure, and such ectopic interactions are affected by repeat size and sequence identity. A transformation-based, gap-repair assay was used to examine the effect of 2% sequence divergence on the efficiency of mitotic double-strand break repair templated by chromosomal sequences in yeast. Because the repaired plasmid could either remain autonomous or integrate into the genome, the effect of sequence divergence on the crossover-noncrossover (CO-NCO) outcome was also examined. Finally, proteins important for regulating the CO-NCO outcome and for enforcing identity requirements during recombination were examined by transforming appropriate mutant strains. Results demonstrate that the basic CO-NCO outcome is regulated by the Rad1-Rad10 endonuclease and the Sgs1 and Srs2 helicases; that sequence divergence impedes CO to a much greater extent than NCO events; that an intact mismatch repair system is required for the discriminating identical and nonidentical repair templates; and that the Sgs1 and Srs2 helicases play additional, anti-recombination roles when the interacting sequences are not identical. 
Introduction
Recombination is a high-fidelity process that copies information from one DNA duplex to repair single-or double-strand discontinuities in another DNA duplex (reviewed by KROGH and SYMINGTON 2004) . Repair events involve either the unidirectional transfer of information between duplexes or the reciprocal exchange of information, which will be referred to here as noncrossover (NCO) and crossover (CO) events, respectively. In classic models of homologous recombination, NCO and CO events derive from alternative cleavage of a common intermediate known as a Holliday junction, which corresponds to the point where the single strands of the interacting duplexes switch pairing partners. In more recent recombination models, however, some NCO events proceed through an intermediate that cannot be processed into a CO. The template for recombinational repair is typically a homologous chromosome or sister chromatid, but because recombination is a homology-driven process, it also can engage repetitive sequences dispersed throughout the genome. Such ectopic interactions are important for shaping genome structure, with NCO events likely driving the concerted evolution of multigene families and COs leading to various types of genome rearrangements. In mitotic studies using model recombination substrates in the yeast Saccharomyces cerevisiae, the rate of ectopic interactions is directly proportional to repeat size (AHN et al. 1988; HAYDEN and BYERS 1992; INBAR et al. 2000; JINKS-ROBERTSON et al. 1993 ) and inversely proportional to the level of sequence divergence (CHEN and JINKS-ROBERTSON 1998; DATTA et al. 1997) .
The major barrier to recombination between diverged sequences in yeast derives from anti-recombination activity of the mismatch repair (MMR) system (reviewed in SURTEES et al. 2004) , which is best known for its roles in removing DNA replication errors and repairing mismatches in meiotic recombination intermediates (reviewed in HARFE and JINKS-ROBERTSON 2000; KUNKEL and ERIE 2005) . There are three major yeast complexes involved in mismatch removal and in anti-recombination: MutSα, MutSβ, and MutLα comprised of Msh2-Msh6, Msh2-Msh3 and Mlh1-Pms1, respectively. MutSα and MutSβ bind directly to mismatches, while MutLα couples MutSα/β-mediated mismatch recognition to the appropriate downstream processing steps, the precise mechanism(s) of which remain obscure. Additional proteins implicated in the repair of mismatches include the Rad1-Rad10 endonuclease (KIRKPATRICK and PETES 1997) , the Exo1 exonuclease (TISHKOFF et al. 1997 ) and the PCNA sliding clamp (JOHNSON et al. 1996; UMAR et al. 1996) . Rad1-Rad10 and Exo1 also are important in antirecombination (NICHOLSON et al. 2000) , but PCNA plays little, if any, role in this process (STONE et al. 2008) . In contrast, the helicase Sgs1 is important in anti-recombination (MYUNG et al. 2001; SPELL and JINKS-ROBERTSON 2004) , but has no known role in the repair of mismatches.
Thus, although there are similarities in the MMR-directed editing of replication and recombination intermediates, there are genetic and presumably mechanistic differences as well.
In yeast, chromosomal sequences can serve as a template for the faithful repair of a linear, gap-containing plasmid and such gap-repair reactions were instrumental in the development of the double-strand break (DSB) repair model of recombination ). Of particular significance was the observation that the repaired plasmid either remains autonomous or integrates into the host genome , outcomes presumed to reflect cleavage of a Holliday junction intermediate to generate NCO or CO products, respectively. Subsequent studies have confirmed that plasmid-based repair assays generally recapitulate the genetic requirements and features of DSB-initiated chromosomal recombination (BARTSCH et al. 2000) , and hence are a useful model for studying basic recombination processes. In the experiments reported here, a gap-repair assay was used to examine the regulation of mitotic recombination fidelity, with an emphasis on how sequence divergence affects the CO-NCO decision in different genetic backgrounds. These studies support roles for the Srs2 and Sgs1 helicases, the Rad1-Rad10 endonuclease and MutSβ in regulating the CO-NCO outcome; confirm that the regulation of recombination fidelity depends on activity of the MMR machinery; and demonstrate that sequence divergence impedes CO events to a much greater extent than NCO events.
Materials and Methods
Media and growth conditions: Yeast strains were grown nonselectively in YEP (1% Bacto-yeast extract, 2% Bacto-peptone) supplemented with 2% glucose and 500 µg/ml adenine hemisulfate (YEPD). For selection of strains containing the kan or hph marker, YEPD was supplemented to 200 µg/ml with Geneticin or to 300 µg/ml with hygromycin B, respectively.
For selective growth, synthetic complete (SC; SHERMAN 1991) medium contained 2% glucose and all but the one relevant amino acid or base (e.g., SC-his for the selection of His + recombinants). Canavanine-resistant colonies were selected on SC-arg medium supplemented with 60 µg/ml L-canavanine. Ura -segregants were selected on SC plates supplemented with 0.1% 5-flouroorotic acid (US Biological DNA polymerase and T4 kinase, the fragment was inserted at the SmaI site of the LEU2-CEN vector pRS315 (SIKORSKI and HIETER 1989) . The resulting plasmids pSR515 and pSR516
contain the HIS3 gene in the opposite and same orientation, respectively, as the vector lacZ gene.
The HIS3 gene of these plasmids contains less than 10 bp of identity to the his3∆200 allele at the endogenous HIS3 locus.
The HIS3-18 allele of pSR612 contains 18 silent, randomly distributed mutations (see Supplemental Figure 1 ) and is 98%-identical to the standard HIS3 gene. The mutations were introduced by subjecting pSR515 to sequential rounds of site-directed mutagenesis using the (KRAMER et al. 1996) , EcoRI-digested pEN33 (DATTA et al. 1996) or SalI/EcoRI-digested pR1.6 (HIGGINS et al. 1983) , respectively. The pms1∆ derivatives of SJR1500 and SJR1501 (SJR2147 and SJR2148, respectively) were constructed by standard twostep allele replacement using BstXI-digested pJH523 (KRAMER et al. 1989 ). The mlh1∆::kanMX4 (SJR2156 and SJR2157), sgs1∆::kanMX4 (SJR2122 and SJR2163) and srs2∆::kanMX4 (SJR2123 and SJR2160) derivatives of SJR1500 and SJR1501 were constructed by transformation with PCR deletion cassettes generated using pFA6-kanMX4 (WACH et al. 1994 ) as a template. Presence of the relevant mutant allele and absence of the corresponding WT allele were confirmed by PCR.
Gap-repair experiments:
The fragment used for gap-repair assays was produced by PCR amplification of pSR840. Primers HisBglIIF (5′CTCTTGCGAGATGATCCCGC) and HisBglIIR (5′-ACCACCGCTCTGGAAAGTGCC), which anneal directly adjacent to the single BglII site that marks the 60-bp deletion, were used to amplify a 5.7 kb fragment with Taq Plus Precision polymerase (Stratagene). After the PCR reaction, the template pSR840 DNA was destroyed using the methylation-sensitive enzyme DpnI. To correct for variation in transformation efficiency, the PCR product was mixed with uncut control plasmid (pRS315, a CEN-LEU2 vector; SIKORSKI and HIETER 1989) in a 20:1 weight ratio.
A high-efficiency transformation protocol was used (GIETZ and WOODS 2002) , with the following modifications. To minimize the culture-to-culture variation seen with some of the repair-defective strains, five colonies were pooled to inoculate 5 ml of liquid YEPD. After overnight growth, 1 ml was transferred to a prewarmed flask containing 50 ml YEPD, and the flask was incubated on a rotary shaker at 200 rpm for 3 h. Cells were harvested by centrifugation at room temperature, washed twice, and resuspended in 360 µl of H 2 O. 25 µl samples of the cell suspension were pelleted by centrifugation, the supernatant was removed, and 120 µl of PEG 3350 (50%, w/v) were layered over the pellets. independent transformations onto YEPD. Patches were replica plated to 5-FOA medium and those with full growth after 2 days were scored as NCO events; patches with no growth or only a few papillae were scored as CO events. Random genomic DNAs were analyzed by PCR to confirm the accuracy of the NCO-CO assignment.
Results
A gap-repair system for assaying homologous and homeologous recombination: The goal of the current study was to determine whether sequence divergence has similar inhibitory effects on mitotic crossover (CO) and noncrossover (NCO) events, and if so, to identify the gene products involved in this regulation. Because our earlier studies demonstrated that a single potential mismatch is sufficient to trigger the mitotic anti-recombination activity of the yeast mismatch repair (MMR) system (DATTA et al. 1997) , it was essential to use 100%-identical sequences as a control against which to gauge the effects of sequence divergence. Genetic assays designed to simultaneously detect both NCO and CO events typically rely on the transfer of wild-type (WT) sequence to correct an auxotrophic allele, thereby precluding absolute identity between the interacting sequences. Such identity was achieved in the current study by using a transformation-based, gap-repair assay in which the template for the gap-filling reaction is a truncated, but otherwise WT, allele. Recombination between the two mutant allelesextrachromosomal gapped and chromosomal truncated -produces a selectable, WT allele on the plasmid. If the gapped plasmid is furthermore capable either of autonomous replication or of integrating into the genome, it is straightforward to distinguish NCO from CO events, respectively (ORR-WEAVER and SZOSTAK 1983).
The HIS3 gene was used as the basis for developing the gap-repair assay, and was placed on a vector containing the URA3 gene and an origin of replication (ARS), but no centromeric (CEN) sequence ( Figure 1) . This plasmid was then used as a PCR template to generate a linear (gapped) transformation fragment (see Material and Methods). To obtain an identical ("homologous") repair template, a mutant his3 allele missing the C-terminal 11 amino acids (his3-0,∆3′) was inserted into the CAN1 locus of a haploid strain containing a deletion of the endogenous HIS3 coding sequence. To obtain a 98%-identical ("homeologous") repair template, 18 silent mutations were engineered into the coding sequence of the truncated his3 allele (his3- WT, msh2, msh3, msh6, mlh1, pms1, rad1, srs2 or sgs1 strains containing either the his3-0,∆3′ or his3-18,∆3′ allele are presented in Table 1 .
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Genetic control of homologous gap repair: Comparison of the gap-repair efficiency in
WT versus mutant strains containing the chromosomal his3-0,∆3′ allele allows one to ascertain the general effects of the corresponding gene products on homologous gap repair (HGR). These results are presented in Figure 2 , where the efficiency of gap repair in each mutant background was normalized to that obtained in the WT strain (i.e., the His + /Leu + ratio of the WT strain was set to 1.0). The levels of NCO versus CO events in each background were calculated by multiplying the relative gap-repair efficiency by the percentage of unstable versus stable transformants, respectively. In the WT strain, the repaired plasmid was integrated into the yeast genome in about half of the His + transformants (47% NCOs and 53% COs).
In terms of their effects on the total efficiency of gap repair between identical substrates, the MMR proteins fell into two distinct groups. The efficiency was not detectably altered in the msh6, pms1 or mlh1 background, but there was an approximately 2-fold decrease in an msh2 or msh3 mutant. In the case of Msh3, its loss had no effect on the frequency of NCOs, but reduced CO events 4-fold; Msh2 loss was associated with approximately 2-fold decreases in both NCO and CO events. The NCO-CO distribution in the msh2 mutant was significantly different from that in the msh3 mutant (P<0.001). Given that the only known function for Msh3 is as part of the MutSβ complex with Msh2, it was surprising that msh2 and msh3 mutants did not exhibit similar levels of NCO and CO events between identical repeats. It is possible that either Msh2 alone or the Msh2-Msh6 complex, which might be more abundant in the absence of Msh3 (DRUMMOND et al. 1997) , has subtle effects on recombination.
The role of MutSβ during gap repair most likely reflects an accessory role during the Rad1-Rad10 dependent processing of branched recombination intermediates (see SURTEES and ALANI 2006) . The Rad1-Rad10 complex is best known for its essential function during the incision step of nucleotide excision repair, where it nicks at the junction of single-and doublestranded DNA (PRAKASH and PRAKASH 2000) . During recombination, Rad1-Rad10 removes nonhomologous 3′ tails from recombination intermediates (FISHMAN-LOBELL and HABER 1992) , stimulates deletion events between direct repeats (SAPARBAEV et al. 1996) , facilitates "ends-in" plasmid-chromosome CO events (SCHIESTL and PRAKASH 1988; SYMINGTON et al. 2000) and increases the efficiency of "ends-out" targeted gene replacement (LANGSTON and SYMINGTON 2005) . Consistent with previous results, a rad1 mutant exhibited a specific, 16-fold decrease in COs in our gap-repair assay, which translated into a 2-fold reduction in the total gap-repair efficiency. The requirement of Rad1, and by inference the Rad1-Rad10 complex, for >90% of COs associated with gap repair suggests a key role for this protein in the formation of Holliday junction-containing intermediates (see Discussion).
In addition to analyzing the roles of the MutSα, MutSβ, MutLα and Rad1-Rad10 complexes in gap repair, we also examined the effects of the Srs2 and Sgs1 helicases. While mutants defective in either helicase exhibit a spontaneous hyper-recombination phenotype (see FABRE et al. 2002) , srs2 mutants exhibit a hypo-rec phenotype when recombination is initiated with a DSB (AYLON et al. 2003; IRA et al. 2003) . With regard to both spontaneous and DSBinitiated recombination, loss of either Srs2 or Sgs1 shifts the distribution of recombinants towards more CO events (IRA et al. 2003; ROBERT et al. 2006 ). In the gap-repair assay there was a 2-fold decrease in the overall transformation efficiency in an srs2 background, and a subtle, 25% decrease in an sgs1 mutant. While both NCO and CO events were reduced in the srs2 mutant, there was a greater reduction in NCO than in CO recombinants (3-fold and 1.7-fold, respectively), resulting in a 2-fold bias for CO events. In the sgs1 mutant, there was a much more striking shift in the distribution of CO relative to NCO events, with almost 90% of the gaprepaired plasmids integrating into the genome. This strong CO bias can be attributed to a 5-fold reduction in NCOs, some of which may have been converted into CO events.
Effects of sequence divergence on gap repair in a WT background: The effects of 2% sequence divergence on gap repair in a WT background are presented in Figure 3 . The homeologous gap-repair (HeGR) efficiency was reduced 2.4-fold relative to that between homologous sequences. Whereas the HGR events were evenly distributed between NCO and CO events, only 17% of the HeGR events were of the CO type. This translates into a 7.3-fold reduction in homeologous relative to homologous CO events, but only a 1.4-fold reduction in NCO events. Thus, at least in the gap-repair assay used here, low levels of sequence divergence have a strong inhibitory effect only on the maturation of recombination intermediates into CO products. The observation that the reduction of homeologous COs was not accompanied by a compensatory gain in NCOs suggests that not all repair events can be simply diverted from a CO to a NCO pathway.
Regulation of homeologous gap repair:
The roles of individual proteins in regulating the fidelity of recombination, and thereby reducing interactions between diverged sequences, were examined by transforming the gapped plasmid into an msh2, msh3, msh6, mlh1, pms1, rad1, srs2 or sgs1 strain. To correct for nonspecific effects of a given protein on the recombination process (e.g., its loss conferring a general hyper-rec phenotype or altering the CO-NCO distribution) the ratio of total HeGR to HGR was calculated in each strain background, as well as the ratio for NCO and CO events (Figure 4) . The smaller the HeGR/HGR ratio, the greater the inhibitory effect of sequence divergence on the recombination process being examined; a ratio of 1.0 indicates equivalent efficiencies of homologous and homeologous recombination. For the WT strain, the baseline HeGR/HGR ratios were 0.41, 0.73 and 0.13 for total, NCO and CO events, respectively. Relative to these baseline WT values, an increase in the HeGR/HGR ratio in a given mutant background indicates a relaxation of homology requirements and, therefore, a role of the corresponding protein in enforcing recombination fidelity.
All of the potential mismatches generated during repair of the gapped plasmid are basebase mismatches, and hence should primarily be detected by the MutSα complex. In accord with this prediction, the total or CO HeGR/HGR ratios changed little, if any, in an msh3 mutant, but increased to approximately 1.0 in an msh6 or mlh1 mutant. The absence of an effect of sequence divergence on gap repair in the msh6 or mlh1 mutant is consistent with anti-recombination activity being derived solely from the MMR machinery. In contrast to the msh6 and mlh1 mutants, the total HeGR/HGR ratio increased to 0.69 and the CO ratio to only 0.38 in an msh2 mutant; the transformation data in Table 1 indicate that these ratios indeed reflect a persistent reduction of homeologous recombination in the absence of Msh2. We suggest that this might reflect the role of MutSβ in stabilizing the substrate of the Rad1-Rad10 endonuclease, a role that could become more important when the interacting sequences are not identical. Finally, it should be noted that the HeGR/HGR ratio in the pms1 mutant was only 0.77; the data in Table 1 again suggest a persistent inhibition of homeologous gap repair when Pms1 is absent but not when Mlh1 is absent. One possibility is that in the absence of Pms1, Mlh1 might partner with either Mlh2 or Mlh3 (WANG et al. 1999 ) to carry out a low level of anti-recombination.
In the HGR assay, loss of Rad1 was associated with a strong reduction in the proportion of CO events, while loss of Sgs1 or Srs2 elevated the proportion of COs (Table 1 and Figure 2 ).
Additional roles for these proteins in the regulation of recombination fidelity should be revealed as an increase in the HeGR/HGR ratio for CO events in the appropriate mutant strains. Loss of either Sgs1 or Srs2 was associated with an increase in the HeGR/HGR ratio; there was a 3.3-fold increase in the CO ratio in the sgs1 mutant, and a smaller, 1.9-fold increase in the srs2 mutant.
A mismatch-related anti-recombination role for Sgs1 has been previously observed in both spontaneous and DSB-induced recombination assays (MYUNG et al. 2001; SPELL and JINKS-ROBERTSON 2004; SUGAWARA et al. 2004) , but this is the first indication that there may be a similar activity associated with Srs2. In a rad1 background, there was no obvious change in the HeGR/HGR ratio, although an effect would have been difficult to detect given the very strong dependence of COs on the presence of Rad1. We note that this is in contrast to the clear role for the Rad1-Rad10 complex in limiting recombination between diverged, chromosomal invertedrepeat substrates (NICHOLSON et al. 2000) .
Discussion
The genetic regulation of mitotic recombination fidelity was examined by transforming a gapped plasmid into strains containing either a 100%-identical "homologous" or a 98%-identical "homeologous" chromosomal repair template. A key feature of the gap-repair system used here is that it allows a distinction to be made between NCO and CO events; this was not possible with the inverted-repeat (IR) assay we previously used (CHEN and JINKS-ROBERTSON 1998 ). An additional advantage of a gap-repair system is that both the position and nature of the initiating lesion are known, whereas the IR assay only detects randomly-initiated events. The major results obtained using the gap-repair assay and discussed further below are that (1) the Rad1-Rad10 endonuclease strongly promotes CO events, (2) sequence divergence affects CO much more than NCO events, (3) the negative effect of sequence divergence on recombination requires
MutS-and MutL-like complexes to similar extents, and (4) the Sgs1 and Srs2 helicases have roles in enforcing recombination identity requirements as well as in regulating the CO-NCO outcome.
In discussing the implications of results reported here, it is important to consider them in the context of current models of DSB repair (for a review, see KROGH and SYMINGTON 2004) .
As shown in Figure 5 , the ends of a broken or gapped molecule are first resected to produce 3′ single-stranded tails that are incorporated into Rad51 nucleoprotein filaments. Following the invasion of a homologous duplex by a nucleoprotein filament and displacement of a D-loop, the invading 3′ end is used to prime new DNA synthesis (step A). When DNA synthesis proceeds past the other side of the DSB/gap, the unengaged 3′ end can be "captured" by annealing to the 
2008).
Although not applicable to the current gap-repair assay, single-strand annealing (SSA) is a final DSB repair mechanism that specifically deletes the region between direct repeats and has been used to examine the regulation of recombination fidelity (SUGAWARA et al. 2004) . to be a consistent role of Rad1-Rad10 in promoting COs in plasmid-based DSB/gap repair assays (BARTSCH et al. 2000; SCHIESTL and PRAKASH 1988) , it should be noted that its effect during the repair of an HO-induced chromosomal DSB has been variable (IRA et al. 2003; NICHOLSON et al. 2006 ). This variability could be related to the lengths of the homology that flank the DSB, which would limit the extent and hence stability of heteroduplex intermediates. Finally, the decrease in the total efficiency of gap repair in msh3 or rad1 mutants suggests either that the Rad1-Rad10 complex plays a role in the alternative SDSA pathway as well or that some D-loop intermediates are dead-end products. A possible role of Rad1-Rad10 in SDSA might be in the removal of 3′ ends that have replicated past the region of plasmid-chromosome homology, an activity that has also been attributed to the Mus81-Mms4 complex (DE LOS SANTOS et al. 2001; FABRE et al. 2002) .
Genetic control of gap repair between identical sequences:
In spontaneous recombination assays, elimination of either Sgs1 or Srs2 results in a hyper-rec phenotype. Sgs1 is thought to reduce the accumulation of recombination-initiating lesions (FABRE et al. 2002) while Srs2 is thought to antagonize the formation of Rad51 nucleoprotein filaments (KREJCI et al. 2003; VEAUTE et al. 2003) . If the primary inhibitory role of Srs2 derives from its ability to strip Rad51 from nucleoprotein filaments before the initial strand invasion occurs, then it is not clear why this negative role should be limited only to spontaneously-initiated events. An interesting possibility is that Srs2 efficiently disrupts filaments formed within single-stranded gaps, which may initiate most spontaneous recombination (LETTIER et al. 2006) , but is relatively inefficient at removing Rad51 from the free 3′ tails formed at the ends of DSBs. This would be consistent with Srs2 "channeling" damagecontaining gaps into a post-replication repair pathway (error-prone translesion DNA synthesis or error-free template switching) rather than into the Rad51-dependent homologous recombination pathway (reviewed by WU and HICKSON 2006) . In the case of a DSB, neither template switching nor gap filling by the translesion synthesis pathway would be a viable repair option.
The provision of initiating DSBs has revealed additional, recombination-promoting roles of Sgs1 and Srs2, with the corresponding mutant strains exhibiting reduced repair of chromosomal DSBs (AYLON et al. 2003; IRA et al. 2003) . Consistent with these results, we observed 50% or 25% reductions in total gap-repair efficiency in an srs2 or sgs1 background, respectively. In the case of the srs2 mutant, the reduction in total gap repair may reflect the requirement of Srs2 for efficient recovery from checkpoint-mediated cell-cycle arrest following successful DSB repair (VAZE et al. 2002) . A final phenotype of sgs1 or srs2 mutants is an increased mitotic CO/NCO ratio for both spontaneous (ROBERT et al. 2006 ) and HO-initiated events (IRA et al. 2003; LO et al. 2006) . A similar effect was evident in our gap-repair system, where the CO/NCO ratio was 1.1, 6.7 and 2.0 in WT, sgs1 and srs2 strains, respectively (Table   1 ). It has been suggested that the elevated CO/NCO ratio in srs2 mutants reflects a less efficient dismantling of D-loops (DUPAIGNE et al. 2008) , and hence loss of the NCO-specific SDSA pathway ( Figure 5 ; IRA et al. 2003) . The reduction in total gap repair in an srs2 mutant further suggests that the SDSA pathway is not completely interchangeable with the HJ pathways; that is, not all of the persistent D-loops necessarily lead to the formation of HJs. Finally, the occurrence of more COs than NCOs in the srs2 mutant, where the non-SDSA pathways dominate, implies that the cleavage of HJs does not occur randomly, but rather in manner that favors COs.
As an explanation for the elevated CO/NCO ratio in sgs1 mutants, it has been suggested that Sgs1 promotes a topoisomerase-mediated mode of dHJ resolution that yields only NCOs (WU and HICKSON 2003) ; in its absence the only option would be the enzymatic cleavage of both HJs (see IRA et al. 2003) . Because COs in the current gap-repair assay are strongly Rad1-dependent, we assume that most are generated through a single HJ intermediate. The loss of 80% of the NCO events in the sgs1 mutant implies that Sgs1 might also dismantle single HJs and that, at least in our system, the major route of generating NCOs may be via an HJ-containing pathway rather than the SDSA pathway. Furthermore, the very high CO/NCO ratio in the sgs1 mutant again indicates that HJ cleavage in this system generates predominantly CO products.
Although there may be subtle differences, the roles of Srs2 and Sgs1 in our gap-repair assay are generally consistent with those inferred previously (IRA et al. 2003) , providing additional support that transformation-associated gap repair accurately mimics the repair of chromosomal DSBs in yeast.
Sequence divergence differentially affects CO and NCO events: One of the most striking findings in the current study is that sequence divergence impedes CO events to a much greater extent than NCO events. In the gap-repair system used here, 2% sequence divergence reduced CO events approximately 7-fold, but NCOs less than 2-fold. This difference is easiest to reconcile if sequence divergence exerts its primary effect subsequent to the initial strand invasion step that is common to all pathways in Figure 5 ; otherwise, one would expect CO and NCO events to be similarly affected. It is possible, for example, that mismatches are detected and trigger anti-recombination only after extension of the invading 3′ end has been initiated. As long as the end extends far enough to pair with the single-stranded tail on the other side of the DSB/gap (a 60 bp gap in the assay used here), SDSA would not be affected. An alternative explanation is that HJ formation (i.e., second-end capture) requires more extensive heteroduplex formation than does SDSA, in which case CO intermediates would contain more of the mismatches that inhibit recombination. Finally, potential mismatches may not differentially affect the SDSA and HJ pathways, but rather may alter the mode of HJ resolution, specifically biasing the outcome towards more NCO events. The presence of mismatches could either favor the noncrossover mode of HJ cleavage, or could promote the dissolution of HJs by Sgs1. In terms of biological significance, the differential control of NCO and CO events would have the net effect of allowing a nonidentical sequence to be used as a repair template for a broken chromosome, while at the same time limiting potentially deleterious rearrangements due to interactions between dispersed repeats.
The differential effect of sequence divergence on CO and NCO events has not been previously reported, and there are several reasons why an effect may not have been evident.
First, some assays are capable of detecting only NCO or only CO events (e.g., NICHOLSON et al. 2006) , which obviously precludes the detection of differential effects. Second, there may be inherent differences in the mismatch sensitivity of spontaneously-initiated versus DSB-induced recombination (see below). Third, it is possible that a differential effect is evident only when heteroduplex extension is limited by the lengths of the interacting sequences, as in the gap-repair assay used here, or when there is some critical level of divergence between the interacting sequences. Finally, the detection of a differential effect requires that one be able to directly compare homologous and homeologous recombination. In virtually all other assays, the "homologous" control substrates contain one or more potential mismatches. Exceptions include our previous studies using IR substrates, where CO and NCO cannot be distinguished (CHEN and JINKS-ROBERTSON 1998) and the HO-initiated system of Nicholson et al. (2006) , which only detects COs.
In our earlier studies using 350 bp chromosomal IR substrates, recombination was exquisitely sensitive to potential mismatches, with a level of sequence divergence comparable to that used here (2%) reducing recombination approximately 50-fold (DATTA et al. 1997) . We suggest that this reflects either a basic difference in plasmid-chromosome versus chromosomechromosome recombination (e.g., recombination may occur before the plasmid DNA becomes organized into chromatin), a difference in the initiating event (single-strand gap versus DSB) or a cell cycle-related timing issue (NICHOLSON et al. 2006) .
The MMR system regulates recombination fidelity during gap repair: In the current gap-repair assay, the CO events were not inhibited by sequence homeology in msh6 or mlh1 mutants. These data indicate that, as in other types of recombination assays (DATTA et al. 1997; SELVA et al. 1995; SUGAWARA et al. 2004) , the regulation of recombination fidelity derives primarily from activity of the MMR system. In contrast to assays used previously, however, where anti-recombination was only partially dependent on MutLα (CHEN and JINKS-ROBERTSON 1999; NICHOLSON et al. 2000; SPELL and JINKS-ROBERTSON 2003; SUGAWARA et al. 2004) , the contributions of MutS and MutL homologs appear to be equivalent in the gap-repair system. The variable requirement for MutLα during mismatch-triggered anti-recombination could reflect basic differences in the underlying recombination process and/or anti-recombination mechanism.
There are, in principle, several distinct steps at which the MMR system could exert antirecombination activity (reviewed by SURTEES et al. 2004) . Mismatch detection could block or retard strand exchange, it could interfere with branch migration that extends heteroduplex DNA, or it could decrease the stability of recombination intermediates (e.g., trigger reverse branch migration).
The roles of the Sgs1 and Srs2 helicases in the fidelity of gap repair:
In vitro data suggest that the primary recombination-related role of the Srs2 helicase is to dismantle Rad51 nucleoprotein filaments (KREJCI et al. 2003; VEAUTE et al. 2003 ) or D-loops (DUPAIGNE et al. 2008 , while that of the Sgs1 is in the dissolution of Holliday junctions (see IRA et al. 2003 ). An in vivo relevance of the Sgs1-mediated branch migration has been recently questioned, however, as the helicase activity of Sgs1 does not appear to be required for the mitotic CO-NCO decision in yeast (LO et al. 2006) . As in previous studies using either IR substrates (MYUNG et al. 2001; SPELL and JINKS-ROBERTSON 2004) Unexpectedly, the HeGR/HGR ratio for CO events was elevated in an srs2 mutant, suggesting that there may be an MMR-related role for Srs2 in modulating the fidelity of recombination in the gap-repair system. This is in contrast to the IR and SSA systems, where elimination of Srs2 did not differentially affect homologous and homeologous recombination (SPELL and JINKS-ROBERTSON 2004; SUGAWARA et al. 2004) . While the mismatch-related antirecombination activity of Sgs1 could result from interaction with Msh6 and/or Mlh1 (PEDRAZZI et al. 2003; PEDRAZZI et al. 2001) , no interactions of Srs2 with MMR proteins have been reported. One possibility is that the presence of MMR proteins retards the formation and/or extension of the initial Rad51-dependent strand-invasion intermediate (WORTH et al. 1994) , thereby making it a more efficient target for dismantling by Srs2.
Advantages and limitations of a gap-repair assay: Results obtained using gap-repair assays indicate that these assays faithfully recapitulate the repair of HO-induced chromosomal DSBs. A basic question that has yet to be fully resolved, however, is whether spontaneous mitotic recombination typically initiates with a DSB or with a single-strand nick/gap, although recent data support the latter (LETTIER et al. 2006) . The distinct fidelity differences observed with our IR system, where most events appear to involve sister chromatids (CHEN and JINKS-ROBERTSON 1998) , versus the gap-repair assay would be consistent with spontaneous recombination being primarily a gap-filling process. Regardless of the lesion that normally initiates mitotic recombination, however, it is clear that meiotic recombination initiates with Spo11-generated DSBs (PAQUES and HABER 1999) . It is possible that mitotic DSB/gap repair systems more accurately reflect meiotic than mitotic mechanisms of recombination.
The experiments reported here have demonstrated that sequence divergence inhibits mitotic COs to a greater extent than NCOs. Examination of the associated gene conversion tracts may reveal why the former are more sensitive to potential mismatches. In addition, the sequencing of recombinants derived from the transformation of MMR-defective cells, in which heteroduplex intermediates persist, may provide an unprecedented view of DSB-repair intermediates and how specific proteins alter recombination mechanisms. Specifically, each of the pathways depicted in Figure 5 predicts different positions of heteroduplex DNA (hDNA).
With SDSA, hDNA should only be present on the plasmid and only on one side of the original gap; with HJ cleavage, there should be hDNA on both sides of the gap, with a single hDNA tract associated with each his3 allele; and with Sgs1-mediated HJ dissolution, there again should be hDNA on both sides of the gap, but all hDNA should be associated with the plasmid-encoded HIS3 allele. Finally, the production of a gapped plasmid by PCR will allow the position and/or size of the initiating gap to be systematically varied by simply changing the positions of the PCR primers. The position of the gap within the region of homology and/or its size could affect the overall repair efficiency, the CO-NCO decision, or MMR-directed anti-recombination. HeGR efficiency (His + /Leu + ) ratio was normalized to the HGR efficiency obtained in the same genetic background. The NCO and CO efficiencies were determined by multiplying the total repair efficiency by the proportion of the relevant event and these efficiencies were used to calculate the corresponding HeGR/HGR ratio. If sequence divergence has no effect on repair efficiency, then HeGR/HGR = 1. An HeGR/HRG ratio < 1 indicates that sequence divergence inhibits repair; the smaller the ratio, the greater the inhibition. The double arrowheads to the right of each panel indicate the magnitude of the inhibition in the WT background. [E]
